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and Hypertension, Department of Medicine, University of Utah, Salt Lake City, UtahABSTRACT Actin stress fibers (SFs) are load-bearing and mechanosensitive structures. To our knowledge, the mechanisms
that enable SFs to sense and respond to strain have not been fully defined. Acute local strain events can involve a twofold exten-
sion of a single SF sarcomere, but how these dramatic local events affect the overall SF architecture is not believed to be under-
stood. Here we have investigated how SF architecture adjusts to episodes of local strain that occur in the cell center. Using
fluorescently tagged zyxin to track the borders of sarcomeres, we characterize the dynamics of resting sarcomeres and
strain-site sarcomeres. We find that sarcomeres flanking a strain site undergo rapid shortening that directly compensates for
the strain-site extension, illustrating lateral communication of mechanical information along the length of a stress fiber. When
a strain-site sarcomere extends asymmetrically, its adjacent sarcomeres exhibit a parallel asymmetric shortening response,
illustrating that flanking sarcomeres respond to strain magnitude. After extension, strain-site sarcomeres become locations of
new sarcomere addition, highlighting mechanical strain as a trigger of sarcomere addition and revealing a, to our knowledge,
novel type of SF remodeling. Our findings provide evidence to suggest SF sarcomeres act as strain sensors and are intercon-
nected to support communication of mechanical information.INTRODUCTIONCells are constantly exposed to mechanical stimuli from
their environment. They interact with the environment via
focal adhesions that are linked to an internal actomyosin
cytoskeleton. Actomyosin structures support cell shape
determination and cell contractility, and are required for
many cell functions including cell adhesion, cell division,
and migration. Cells can use the actin cytoskeleton not
only to sense changes in internal mechanics but also to
remodel the cytoskeleton in response to mechanical and
chemical changes in their environment (1–4). The ways in
which actin structures remodel in response to mechanical
changes are not, to our knowledge, fully understood.
One way that cells regulate their shape and contractility
is by remodeling actin stress fibers (SFs) (5,6). Actin
SFs are made up of sarcomeric units in series along their
lengths, similar to striated muscle fibers. Like muscle sarco-
meres, the SF sarcomeres are thought to be contractile
subunits and their boundaries are defined by proteins
such as a-actinin and zyxin (7–10). Fluorescently labeled
a-actinin and zyxin have been commonly used to track SF
dynamics in living cells (11–16). The tracking of changes
in SF sarcomeres has facilitated understanding of the struc-
tural architecture of the actin cytoskeleton and how it plays
a role in SF mechanics.
The creation and elimination of sarcomeres in SFs is
more dynamic than what occurs in myofibrils of muscle.
In nonmuscle cells, SFs can form new sarcomeres at the
junction of the SF and the focal adhesion, where there isSubmitted June 17, 2012, and accepted for publication September 19, 2012.
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(12,15,17,18). In addition to creating new sarcomeres, SFs
have also been reported to eliminate sarcomeres at ‘‘sinks’’
along the SF, which are often located at SF bifurcations (15).
The ability to add and remove single sarcomeric units along
the length of a stress fiber has been suggested to allow for
constant maintenance of a very dynamic actin cytoskeleton,
though it remains controversial how the addition and elim-
ination of sarcomeres relate to fiber mechanics.
SF dynamics and mechanical properties can be influenced
by exposure of cells to a variety of pharmacological agents
(19,20). For example, Peterson et al. (13) described regional
variation in sarcomere length change when cells were
treated with calyculin A, a phosphatase inhibitor that
induces myosin II activation. Regions of the SF closest to
focal adhesions exhibit sarcomeric shortening in response
to calyculin A, whereas the center regions of the same fiber
simultaneously undergo lengthening. Thus, large-scale
compensatory behavior across an entire SF has been
described, though the level at which compensatory changes
occur across adjacent individual sarcomeres has not been
reported.
SF dynamics have also been studied in response to
various physical perturbations. One method used to charac-
terize single SF mechanics is laser severing, in which indi-
vidual SFs are cut with a laser nanoscissor (11,21,22).
Sarcomeric recoil can be analyzed after a severing event
to characterize physical properties of actin SFs and the
impact of the cytoplasm on dynamic behavior. Specifically,
after severing, the trajectory of the SF during recoil
demonstrated that SFs are viscoelastic structures and also
experience viscoelastic forces from the cytoplasm (21).http://dx.doi.org/10.1016/j.bpj.2012.09.038
Actin Stress Fiber Dynamics 2083Although analysis of retracting SFs provides a way to study
certain physical characteristics of actin SFs, it is unknown
whether intact SFs share properties with SFs that are severed
experimentally.
In recent work, direct inspection of SF behavior in living
and undisturbed cells revealed the spontaneous occurrence
of acute, local strain events where single SF sarcomeres
undergo rapid actin SF thinning and elongation (16).
Despite significant local strain (up to twofold extension),
the majority of SFs remain intact and the strain events
do not escalate to catastrophic breaks (16). Zyxin was
identified as a key player for recruitment of additional
proteins to accomplish localized actin repair of the strain
sites and subsequent mechanical restoration. The strain
events occur when there is elevated tension along a stress
fiber as indicated by elevated traction strain measured at
the focal adhesion site where the SF ends. Traction
decreases upon rapid elongation of a sarcomere, suggesting
that sarcomere elongation provides a mechanism by which
cells can respond to changes in force without undergoing
complete SF breakage. As of this writing, it is not known
why certain sarcomeres experience strain events whereas
their neighboring sarcomeres do not. It is also not well
understood how the dramatic lengthening in a single sarco-
mere is managed by the neighboring sarcomeres in the rest
of the fiber. Acute local strain events provide us with
a unique opportunity to analyze dynamics of single SFs
without being physically invasive. Furthermore, these strain
events happen spontaneously and are not induced by drug
treatment, allowing us to study SFs in a more biologically
relevant context.
Here we have sought to address several gaps in our under-
standing of SF sarcomere dynamics. We find that SFs
display a range of sarcomere dynamics in unstimulated
fibers:
1. resting SF sarcomeres exhibit length fluctuations over
time,
2. certain sarcomeres (called ‘‘strain-site sarcomeres’’)
exhibit local strain,
3. strain sites can develop new sarcomeres even in the
center of a stress fiber, and
4. there is a highly local compensatory sarcomeric short-
ening response by adjacent sarcomeres flanking the
strain-site sarcomeres.
Taken together, our results demonstrate actin SFs use a local
compensatory response to accommodate sudden length-
ening in individual sarcomeres.MATERIALS AND METHODS
Cell culture
Fibroblasts derived from a zyxin / mouse were rescued with a stably
expressing zyxin-GFP (23). Cells were cultured in Dulbecco’s Modified
Eagle Media (DMEM) with 10% fetal bovine serum (Hyclone, Logan,Utah), sodium pyruvate, penicillin/streptomycin, and L-glutamine. Cells
were plated on glass coverslips coated with fibronectin (10 mm/mL) and
imaged 3–6 days later.Live cell microscopy
Imaging conditions were the same as previously described in Smith et al.
(16). Cells were plated in Delta TPG culture dishes (Bioptechs, Butler,
PA) and were imaged in DMEM/F12 media (Invitrogen, Carlsbad, CA)
with 10% fetal bovine serum. A spinning disk confocal (Andor Technology,
Belfast, Northern Ireland) on an inverted TE300 microscope (Nikon,
Melville, NY) was used for all imaging. A 60 1.4 NA Plan Apochromat
lens (Nikon) was used. All time-lapse image sequences were captured at
10-s intervals, unless the imaging interval was otherwise indicated to be
30 s, using either model No. DV887 1024 or No. DV885 512  512 elec-
tron-multiplying charge-coupled device cameras (Andor Technology).Data acquisition and image analysis
Image analysis was carried out using MetaMorph software (Molecular
Devices, Eugene, OR). Kymographs were created using a macro written
for use in MetaMorph, and fluorescent intensity data were collected
using the linescan feature. The linescan parameters were set to collect a
3-pixel-wide average intensity, and intensity data were recorded using the
software Excel (Microsoft, Redmond, WA). Intensity data were then
analyzed using code written for the software MATLAB (The MathWorks
Natick, MA) to smooth data (5  5 filter) and track local maxima of inten-
sity over time. MATLAB output included pixel locations and intensity
values. The length of a sarcomere is the length between two consecutive
zyxin striations, and measured from the point of maximal intensity. Images
that clearly show SFs in the plane of focus were used, thus ensuring the
features that are tracked are not due to changes in focus. The software Excel
was used for all other analysis, except statistical analysis that was carried
out using Prism 5 (Graphpad Software, San Diego, CA). Differences
were determined using unpaired two-tailed t-tests.RESULTS
Fluctuations of stress fiber sarcomeres in vivo
maintain stress fiber homeostasis
To assess sarcomere dynamics in resting SFs, cells express-
ing zyxin-GFP were imaged with 10-s intervals and each
zyxin striation was tracked over time (Fig. 1 A). Linescans
were made from intensity data, which were used to find
the peak intensity values of each striation for each time
point (Fig. 1 B, white lines on the intensity heatmap
kymograph). Each zyxin puncta identifies the border
between two adjacent sarcomeres; the distance between
adjacent zyxin striations represents the length of one sarco-
mere. The average length of resting sarcomeres in the center
of SFs was 1.6 5 0.063 mm (mean 5 SE). We found that
within a single SF, individual sarcomeres undergo different
degrees of length change relative to the initial sarcomere
length measured at the start of the imaging period. From
measurement of 58 sarcomeres over 10 min, we determined
that ~40% of the sarcomeres experienced little or no change
in length (ranging from 05 0.18 mm) whereas the remain-
ing sarcomeres experienced either lengthening or shortening
of up to 1.0 mm (Fig. 1 C). These adjustments representBiophysical Journal 103(10) 2082–2092
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FIGURE 1 Fluctuations of stress fiber sarco-
meres in vivo maintain stress fiber homeostasis.
(A) Using mouse embryonic fibroblasts stably
expressing zyxin-GFP, the centers of resting stress
fibers were imaged over time and represented using
a kymograph. Top and bottom of the region is
labeled in the image and kymograph (blue T and
B). (Vertical shaded bar) 1 min on the kymograph.
(B) Fluorescent intensity linescan data were
analyzed by tracking peak intensity values over
time (open lines) and shown as an intensity heat-
map kymograph. Colors in heatmap indicate rela-
tive level of fluorescent intensity. (C) Frequency
distribution of sarcomere length change from the
first frame. n ¼ 9 SFs, 7 cells, 58 sarcomeres,
and 3458 total points. The frequency distribution
has binning of 0.2 mm, which satisfies the Nyquist
sampling criteria. (D) Frequency distribution of the
rates of sarcomere length change. (E) One example
of sarcomere length changes over time for the SF
shown in panels A and B. The color of the line pairs
with the same color markings of labeled sarco-
meres in panel B. (F) The net change in sarcomere
length for adjacent sarcomeres, and the mean of
nine SFs is shown. Error bars represent SE.
2084 Chapin et al.changes in sarcomere length of up to 50% compared to the
initial sarcomere length.
In addition to sarcomere length change, we also deter-
mined how rapidly a SF sarcomere lengthens or shortens,
and also how the length changes in individual sarcomeres
may contribute to the overall change in length of 4–10 sarco-
meres in series. Rates of sarcomere length change were
calculated for each sarcomere, and individual sarcomeres ex-
hibited shortening or elongation rates of 1.3 mm/min when
observed during 10-s intervals. However, the average rate
of change is zero for a 10-min image sequence, indicating
balanced fluctuations in sarcomere length with no net length
change (Fig. 1 D).
We next asked how the changes in sarcomere length were
distributed across the SF, and whether some sarcomeres
changed more than others or if there were equal changes
in all sarcomeres. When length change of individual sarco-
meres in a six-sarcomere unit length in a stress fiber is
plotted over time for 10 min, we observe sarcomeric length
fluctuations in which single sarcomeres lengthen or shorten,
and generally return to their initial resting length (Fig. 1 E).
Among all of the sarcomeres that changed their lengthBiophysical Journal 103(10) 2082–2092(regardless of whether they returned to their initial length),
~74% returned to their original length within 2.55 0.2 min
(mean 5 SE, data not shown). Approximately 26% of the
sarcomeres do not return to the original sarcomere length
during the average fluctuation cycle. Additionally, cycles
of sarcomere length change were not all alternating cycles
of lengthening and shortening. We observed many sarco-
meres to have consecutive episodes of lengthening or short-
ening and return to the initial sarcomere length between
these two cycles.
To test whether these sarcomere length changes contrib-
uted to overall shortening or lengthening of all sarcomeres
in series, we calculated the net length change of the sarco-
meres in series (Fig. 1 F). Despite individual sarcomeres
undergoing episodes of shortening or lengthening, there
was very little overall change in length across multiple
sarcomeres. This illustrates that whereas individual sarco-
meres undergo a range of positive and negative length
changes as illustrated in Fig. 1 E, a SF segment of six sarco-
meric units can retain its overall length—an indication of
local compensation for the elongation or contraction of indi-
vidual sarcomeric units.
Actin Stress Fiber Dynamics 2085Strain events in individual sarcomeres introduce
dramatic regional structural change to the stress
fiber
A strain event is identified as elongation of a single sarco-
mere that, on average, exceeds elongation speed that is
observed in resting SF sarcomeres by 0.5 mm/min, and
can be easily identified in zyxin-GFP-expressing cells
because zyxin accumulates at the strain sites (Fig. 2 A, white
arrowhead; image of whole cell included in Fig. S1 in the
Supporting Material). Zyxin-GFP puncta were identified
and the peak fluorescence intensity was tracked over time
and the length of the strain-site sarcomere was calculated
(Fig. 2, A and B). The time frame of each strain event was
determined by fitting a Gaussian curve to smoothed deriva-
tive data and time boundaries were determined where the
Gaussian fit line approached zero (see Fig. S2, A and B).
Using this method, we found that a strain event is
sustained for an average of 5.5 5 0.6 min (mean 5 SE;
see Fig. S2 C). In comparison to dynamics of resting SF-2 0 2 4 6
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p = 0.0009sarcomeres, it was found that strain events can be associated
with significant sarcomere lengthening that, in our samples,
reached a maximum of 5.5 mm, accounting for a 275%
increase in sarcomere length (p < 0.0001, Fig. 2 C), with
an average maximum net elongation of 2.7 5 0.4 mm, or
125.0 5 20.2%. Additionally, the rate at which strain sites
extend is significantly faster than sarcomere length changes
in resting SFs (p < 0.0001, Fig. 2 D).
We next sought to identify features that could be used to
predict where in the SF a strain event might occur. To test
whether the SF strain events happen in longer, presumably
weaker units, the initial length of the future strain-site sarco-
mere was compared to the initial lengths of its neighboring
sarcomeres (i.e., within the four closest sarcomeres on each
side of the strain-site sarcomere). At the beginning of the
strain event, the length of future strain-site sarcomeres
is significantly longer than neighboring sarcomeres, as
well as the resting SF sarcomeres (Fig. 1 and p < 0.005,
p ¼ 0.0009, Fig. 2 E); further, neighboring sarcomeres are4 6 8
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FIGURE 2 Strain events in individual sarco-
meres introduce dramatic structural change to the
stress fiber. (A) Strain events can be identified as
acute, local elongation of a single sarcomere with
recruitment of zyxin (white arrowhead) to central
regions of SFs. Elongation of the strain-site sarco-
mere and its neighboring sarcomeres is visualized
using zyxin-GFP-expressing cells, and peaks in
fluorescence intensity are tracked over time (white
lines on intensity heatmap kymograph). Images
were taken at 10-s intervals. (Vertical gray bar)
1 min. (B) The strain-site sarcomere elongates
over time. A specific time span was determined
for each strain site (dotted lines; see Fig. S2 in
the Supporting Material) with an average time
frame of 5.55 0.6 min. (C) Frequency distribution
of the changes in sarcomere length from the first
frame of the imaging period in resting SFs (gray
line, Fig. 1 C) and strain-site sarcomeres (red
line). n ¼ 13 SFs, 11 cells, and 13 strain-site sarco-
meres. (D) Frequency distribution of the rate of
sarcomere length change in resting SFs (black
line, from Fig. 1 D) and strain-site sarcomeres
(red line). (E) Sarcomeres were identified as
a future strain-site sarcomere (black bracket, and
as indicated by zyxin accumulation at tStrainEvent)
or neighboring sarcomeres. Sarcomere lengths
were measured in the first frame of the strain event
(t1). Sarcomere lengths of the future strain site were
compared to the neighboring sarcomere lengths
and lengths of sarcomeres in resting SFs. There
was a significant difference between the future
strain-site sarcomere length and lengths of sarco-
meres adjacent to strain sites. n ¼ 11 future
strain-site sarcomeres, 98 neighboring sarcomeres,
and 87 resting sarcomeres reported on in Fig. 1. (F)
The length of the future strain-site sarcomere
compared to its final amount of elongation.
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2086 Chapin et al.similar to resting SF sarcomeres in length (p ¼ 0.7128,
Fig. 2 E). This significant difference between sarcomere
lengths may point to a structural deficiency that makes
a single sarcomere less able to withstand sudden changes
in tension within a stress fiber.
We then sought to determine whether the initial length of
the strain-site sarcomere may be related to the extent to
which the strain site elongates. One possibility is sarco-
meres that are initially longer may lead to strain sites that
elongate more than others. We found that initial sarcomere
length was not a factor in the final strain-site sarcomere
extension length (Pearson’s r ¼ 0.31, Fig. 2 F). These
data suggest the starting length of future strain-site sarco-
meres does not dictate the final extension length.0 1 2 3 4
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FIGURE 3 Strain events become sites of new sarcomere addition in
central regions of SFs. (A) A kymograph of a strain site in a zyxin-GFP-
expressing cell. From the initial site of zyxin recruitment, new sarcomeres
form (white arrowheads) as indicated by distinct borders of adjacent sarco-
meres. Images were taken at 30-s intervals, for 60 min. (Vertical black bar)
4 min. (B) The lengths of newly formed sarcomeres after a strain event
(gray line in print, red line online, n ¼ 40 sarcomeres) are not significantly
different than the lengths of resting SF sarcomeres (p ¼ 0.11) (black line,
n ¼ 87).Strain events become sites of new sarcomere
addition in central regions of SFs
It has been shown that strain events result in actin repair and
enhanced mechanical stability of the SF (16), though the
long-term restoration of SF homeostasis has not been char-
acterized in detail. Many groups have described the addition
of new sarcomeres at the SF-focal adhesion junction
(12,15,17), but sarcomere addition in other regions of
a stress fiber has not been reported. Here we asked whether
the elongated strain-site sarcomere remodels to form
nascent sarcomeres within its boundaries. By imaging live
cells, we found that the rapid zyxin accumulation at acute
strain sites resolves into new distinct zyxin-rich dense
bodies in 12.2 5 1.5 min (Fig. 3 A, white arrowheads;
image of whole cell included in Fig. S3 and Fig. S4 A).
Most strain-site sarcomeres grow from one sarcomere
into three sarcomeres separated by two newly formed zyxin
striations (see Fig. S4 B), though the addition of more than
three sarcomeres has also been observed (such as the
example in Fig. 3 A). The appearance of these newly formed
zyxin-rich dense bodies occurred while the rest of the SF
remained in focus, and persisted for the entire imaging
period. Once new sarcomeres have been established, their
lengths are similar to sarcomere lengths in resting SFs
(Fig. 3 B). Within the time of strain-site remodeling and
new sarcomere formation, there can also be remodeling of
the neighboring sarcomeres where single or multiple neigh-
boring sarcomeres shorten, then disappear (see Fig. S4 C).
The regions of shortening sarcomeres flanking the strain
site may be locations of sinks, which were described previ-
ously (15). A more detailed explanation of image analysis of
new sarcomere establishment is included in Fig. S5.Sarcomeres that neighbor the strain site undergo
rapid changes to compensate for strain-site
elongation
The progression of a strain event involves acute, local
elongation within a single sarcomere. How do neigh-Biophysical Journal 103(10) 2082–2092boring sarcomeres respond to such rapid, local strain
events?
Based on our analysis of resting SF sarcomeres (specifi-
cally, local compensation for the elongation or contraction
of individual sarcomeric units), we postulated that there
would be a collective shortening of SF sarcomeres in
response to an acute strain event. To address this question
of local compensation, neighboring sarcomeres were paired
to each other based on their proximity to the strain site, and
their sarcomere length changes during the strain event were
collected (Fig. 4 A; SF is shown in context of the whole cell
in Fig. S1). When changes in the first four pairs of sarco-
meres were added together to determine a net change over
time, compared to the sarcomere length in the initial frame,
it was found that neighboring sarcomeres shorten to account
for the strain-site extension (Fig. 4 B). We then asked
whether each pair of sarcomeres contributes equally to the
shortening response, or whether there is a gradient of short-
ening along the SF. At the end of the strain event, total
compensatory shortening for each pair of neighboring sarco-
meres was plotted as a percent of the strain-site elongation.
There are statistically similar amounts of percent compensa-
tory shortening between the first four closest pairs of sarco-
meres, ranging between 20.1 and 34.1% (Fig. 4 C). When
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FIGURE 4 Sarcomeres that neighbor the strain site undergo rapid
changes to compensate for strain-site elongation. (A) Sarcomeres were
labeled according to their proximity to the strain-site sarcomere (at top,
number labels; colored lines show sarcomere borders). Images were taken
at 10-s intervals. (Vertical gray bar) 1 min. (B) Plot of changes in sarco-
mere length over time, starting with the initial frame of the strain event.
The graph includes the mean and SE of the strain-site sarcomere (dotted
gray line), neighboring pairs of sarcomeres 1–4 (blue, red, green, and
purple lines, respectively) and the net distance change of all neighboring
sarcomeres 1–4 (black line). (C) The amount of neighboring sarcomere
shortening as it compares to strain-site lengthening, as a percent. n ¼ 9
SFs, 8 cells, 9 strain sites, and the neighboring sarcomeres. (D) Plot of
derivatives over time. The change in sarcomere length between consecu-
tive time points shown for the strain-site sarcomere (black line) and as
many of the neighboring sarcomeres as included in the original image
(4–6 sarcomeres on one or both sides, red line). (E) The total shortening
of the four closest pairs of neighbors were compared to the total length-
ening of the strain-site sarcomere. n ¼ 10 SFs, 8 cells, 10 strain sites,
and the neighboring sarcomeres. (F) The maximum rate of sarcomere
length change was plotted for paired strain sites and neighboring sarco-
meres. If the strain site elongates at a high rate, the neighbors shorten
at a similar rate.
Actin Stress Fiber Dynamics 2087taken together, the mean percent of compensatory short-
ening of the first four sarcomere pairs was 76.8 5 18.5%
of the strain-site lengthening (mean5 SE, Fig. 4 C). These
data indicate there is a similar shortening response of the
four closest pairs of sarcomeres, with an average net short-
ening comparable to nearly 80% of the extension that occurs
in the strain-site sarcomere.
We next compared the rate of neighboring sarcomere
length changes with that of the strain site itself. In particular,
we analyzed changes in neighboring and strain-site sarco-
mere length between consecutive time points (10 s) during
the window of time when the strain site is undergoing the
greatest amount of continuous lengthening, which was
found to be 1.8 5 0.3 min (Fig. 4 D). Analyzing the rate
of sarcomere length change in this way emphasized that
the period of rapid strain-site lengthening (Fig. 4 D, black
line) was accompanied by a parallel shortening response
of the neighboring sarcomeres (Fig. 4 D, red line). When
the four closest sarcomeres on each side of the strain site
were analyzed during this shorter window of rapid change,
it was found there is a striking correlation between total
amount of shortening and the amount of strain-site length-
ening (Pearson’s r ¼ 0.95, Fig. 4 E). When the maximum
rate of strain-site lengthening was compared to the
maximum rate of neighbor sarcomere shortening, there
was also a correlative relationship, suggesting the changes
in the neighboring sarcomeres occur on a similar timescale
as the strain-site elongation (Pearson’s r ¼ 0.84, Fig. 4 F).Strain-site and neighboring sarcomeres show
similar ‘‘sidedness’’
Many groups have focused on mechanosensitivity of regions
of the SF. Specifically the junction of the SF and the focal
adhesion has been studied as a location of SF extension
and actin polymerization (12,15,17), illustrating some
polarity in the response to strain. We wondered about the
symmetry of the strain events and whether the shortening
of sarcomeres adjacent to the strain site mirrored the
symmetry (or lack thereof) at the strain site. To answer
this question, we took advantage of the observation that
some strain events elongate equally on each side, whereas
others display an asymmetric extension of the strain site
(Fig. 5, A and B). The location of the SF within the cell
does not seem to be a factor in either occurrence of strain
events or their asymmetric lengthening, and images of
the SFs in context of the whole cell are included in
Fig. S6, A and B.
Neighboring sarcomeres were analyzed for shortening
trends on either side of the strain event. The net change in
sarcomere length was determined for each side, then
compared to the total response and was reported as
a percentage (Fig. 5, C and D). To investigate the relation-
ship of ‘‘sidedness’’ of the strain site and the neighboring
sarcomeres, we compared the contribution of each side ofBiophysical Journal 103(10) 2082–2092
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FIGURE 5 Strain-site and neighboring sarcomeres show similar sided-
ness. (A and B) The strain-site sarcomere was identified (thick dotted lines
toward the edges) and compared over time to the initial boundaries of the
strain-site sarcomere (thin dashed lines near the centers). (Vertical gray
bar) 1 min. (C and D) The summed contributions of each side during
strain-site elongation and neighboring sarcomere shortening. Left- and
right-side contributions are shown of each example in panels A and B.
(E) The amount of extension from the initial borders of the sarcomere
(as shown in A and B) were compared to the net changes in neighboring
sarcomere length (as shown in C and D). The percent strain-site elongation
in one direction was paired with the percent shortening of neighboring
sarcomeres on the same side. Each strain event has two data points on
the graph, which represent information from each side of the strain site
(scatter points from examples 1–4 are indicated). n ¼ 16, 8 SFs, 8 strain-
site sarcomeres, and the neighboring sarcomeres.
2088 Chapin et al.the strain site with the percent contribution of the corre-
sponding side of neighboring sarcomeres in a scatter plot,
including the examples in C and D as labeled points (1–4,
Fig. 5 E). There is a significant correlation (Pearson’s
r ¼ 0.86) and suggests there is some ability for the strain-Biophysical Journal 103(10) 2082–2092site sarcomere neighbors to adjust the amount of sarcomeric
shortening according to the amount of strain-site extension
that occurs within a half-sarcomere.DISCUSSION
SFs are contractile actomyosin structures that are tension-
bearing and producing elements within cells. Although
SFs were recognized as major cytoskeletal elements more
than 35 years ago (24,25), much remains to be learned about
their structural organization and behavior. Here we have
used high-resolution live-cell imaging to visualize strain
dynamics in intact SFs within living cells that were not
disturbed by any chemical or physical manipulation. We
have tracked fluctuations in individual sarcomere lengths
using zyxin-GFP to monitor the lateral borders of sarco-
meric units within a stress fiber. By this approach, we
have been able to track sarcomeric strain dynamics along
the length of a stress fiber at higher resolution than has
been achieved using methods such as photobleaching where
SF segments can be examined, but analysis at the level of
individual sarcomeres is not possible (26). By monitoring
the behavior of individual contiguous sarcomeres within
a stress fiber segment, we have found evidence for dynamic
fluctuations of sarcomere length in resting SFs. Individual
sarcomeres shorten and lengthen over time, whereas a stable
overall SF length is maintained.
We have previously reported that SFs experience
stochastic local strain events that are revealed by dramatic
single sarcomere extension (16). In our study, by analyzing
the behavior of sarcomeres that surround sites of acute
strain, we found evidence for lateral trans-sarcomeric
communication along the length of the SF with compensa-
tory shortening observed in adjacent sarcomeres. These
observations highlight the existence of a SF-resident mech-
anism for tensional homeostasis (Fig. 6) that relies on bidi-
rectional lateral communication of mechanical information
along the length of a stress fiber. Moreover, we have deter-
mined that sarcomeres that undergo extreme strain, as evi-
denced by an increase in length that exceeds twofold, are
remodeled to generate multiple new sarcomeres. These find-
ings illustrate the ability of strain to trigger sarcomere addi-
tion, and highlight what is believed to be a novel mechanism
for incorporating additional structural units in response to
mechanical cues. Our results also provide pioneering
evidence of the ability of a stress fiber to establish new
sarcomeres along its length, and not just at its focal adhe-
sion-tethered ends.Stress fiber sarcomeres display dynamic length
fluctuations in living cells
Our analysis of sarcomere dynamics in resting SFs that were
not disturbed illustrates the occurrence of random positive
and negative changes in individual sarcomeric length of
FIGURE 6 Actin stress fiber dynamics work to maintain structural homeostasis.
Actin Stress Fiber Dynamics 2089up to 1.0 mm. This extension and shortening of sarcomeres
represents changes in sarcomere length up to 50% of the
initial measured end-to-end distance. Sarcomere length-
ening, relative to baseline, is an indicator of positive strain.
Sarcomere shortening, indicative of negative strain. We
have tracked the net change in SF length in a series of sarco-
meres and observed that, despite the significant length
changes that can occur in individual sarcomeres, little net
change in total length occurs when including a number
of sarcomeres in series. These findings suggest the exis-
tence of a SF-resident mechanism for maintaining tensional
homeostasis.Longer sarcomeres are predisposed to becoming
sites of acute strain
Local SF strain events occur spontaneously in cultured cells
(16) and are evident as rapid elongation of zyxin-labeled
individual sarcomeric units. Here we report that the sarco-
meres, which go on to become the sites of acute local
lengthening, tend to be longer than sarcomeres adjacent to
strain sites. Of the 58 sarcomeres on different SF segmentsthat we observed, the majority of the future strain-sites
sarcomeres were longer than neighboring sarcomeres.
Nonhomogeneous sarcomere lengths have been previously
described in unstimulated cells (26); our observations
provide evidence for a mechanical consequence to the struc-
tural variation in a stress fiber, in which longer sarcomeres
tend to be sites of potential weakness.
The underlying molecular features that might predispose
a sarcomere to strain are not completely understood. Differ-
ences in the amount of cross-linking proteins like a-actinin,
which have been shown to alter the stiffness of actin
networks (27,28), could occur and lead to heterogeneous
mechanical properties of individual sarcomeres. Analysis
of skeletal muscle sarcomere dynamics has led to a proposed
‘‘popping sarcomere’’ theory where an individual muscle
fiber sarcomere can suddenly extend to a length that is
greater than the cross-bridge would normally allow (29).
These events are postulated to occur in weak muscle-fiber
sarcomeres, which are defined as sarcomeres that have
greater lengths than their neighbors (29).
Conversely, strong muscle-fiber sarcomeres are charac-
terized as having shorter lengths. In the SF setting, if thereBiophysical Journal 103(10) 2082–2092
2090 Chapin et al.is less actin filament overlap in longer SF sarcomeres, there
would be less exposure to sliding frictional force compared
to shorter sarcomeres. When there was an increase in
tension across the SF, it is possible that the sarcomere
with less resistance to sliding frictional forces might be pre-
disposed to undergo a strain event. Local differences in actin
SF elasticity has been reported (30,31), and single skeletal
muscle fiber sarcomeres have been shown to have varying
amount of actin thin filaments and bound myosin (32).
This, or other types of underlying molecular heterogeneity,
may account for mechanical differences among adjacent
sarcomeres.New sarcomeres can be added in the middle
of the stress fiber
Many groups have described the addition of new sarcomeres
at the focal adhesion-SF junction where actin SFs assemble
and move along the SF away from the focal adhesion
(12,15,17,18). The addition of new sarcomeres is largely
thought to be tension-dependent, where greater tensile stress
leads to faster addition of sarcomeric units (12,17). Here we
have reported that sarcomere addition is not limited to the
SF-focal adhesion junction, and can occur in the central
region after acute local strain events at the same location.
It is worth noting that, even though the locations of new
sarcomeres are different, what triggers the formation of
new sarcomeres seems to be the same: increases in tension.
The formation of new sarcomeres after a strain event occurs
under tension (16), like the addition of sarcomeres at the
focal adhesion-SF junction (12,17), though the direct link
between tension and rate of formation or number of new
sarcomeres in the center of the SF has not been examined.
Although no significant difference between mean lengths
of the resting SF sarcomeres and the new sarcomeres was
observed, the length distributions for old versus new sarco-
meres were distinct. Almost 20% of resting SF sarcomeres
displayed lengths >2.0 mm, whereas only 5% of newly
formed sarcomeres were longer than 2.0 mm. The predomi-
nance of shorter sarcomeres may indicate a change in load-
bearing potential along the SF after a strain event.Sarcomeres flanking the strain site shorten
to accommodate acute local lengthening
We have directly measured the dynamic behavior of the four
closest sets of sarcomeres flanking the strain site as the
strain site elongates. It has been previously reported that
SFs have regional compensatory behavior along their length
(13). Here we have described a highly localized process of
compensatory sarcomeric shortening in response to acute
strain events. As the strain site extends, the closest four
sets of neighboring sarcomeres shorten to account for nearly
80% of the elongation. Each pair shortens roughly the same
amount, which would mean the entire strain event couldBiophysical Journal 103(10) 2082–2092theoretically be accounted for by compensatory shortening
of the five or six closest sarcomere pairs. Technical chal-
lenges made it difficult to reliably track >9–10 sarcomeres
in series along SFs in living cells; thus, the lateral range of
the compensatory response outside of the sarcomeres that
are directly visualized can only be inferred. Nonetheless,
it was clear from our analysis that cumulative amount of
compensatory shortening of the strain-site neighboring
sarcomeres varies depending on the total elongation of the
strain event, and the rate of shortening correlates with the
rate of strain-site lengthening.
Focal adhesions have long been recognized as locations
where mechanical information is transmitted (33,34);
however, more recently, the actin cytoskeleton itself has
been shown to be mechanosensitive (35,36). For example,
cytoskeletal stiffness increases as fibroblasts experience
stiffer gel substrates (37), indicating the ability to sense
mechanical stimuli and undergo a matched global cytoskel-
etal response. Although the amount of actin cytoskeletal re-
modeling can be linked to differences in mechanical stimuli,
the exact mechanisms of actin cytoskeletal sensitivity to
changes in force magnitude are not yet well characterized
(38). Here we present another example of a highly localized
strain-sensitive mechanoresponse by the actin cytoskeleton.
Strain-site elongation and the compensatory shortening of
neighboring sarcomeres occur in the same time domain and
suggest the possibility of multiple cause-effect relationships.
For example, increased contractility in neighboring sarco-
meres may drive the elongation of the single strain-site
sarcomere. Alternatively, as the strain site elongates, the
flanking sarcomeres may passively shorten due to increased
slack in the system. A combination of these factors may also
be present. Although the source of increased tension across
the SF is not yet believed known, our discovery of the local-
ized compensatory shortening response that occurs at the
same time a single sarcomere experiences significant posi-
tive strain is, to our knowledge, novel.
Several groups have reported that release of SF tension
induces buckling of the fibers and subsequent actin remodel-
ing (39–42). For example, after an instantaneous 26% short-
ening of an elastic substrate where cells were cultured, SFs
of these cells deform and disassemble, via a process that
ultimately restores prerelease architecture (39). Our findings
show an instantaneous shortening response by sarcomeres
that reside adjacent to a strained sarcomere. The lack of
evidence of SFbuckling in our system illustrates that dramatic
deformation of the SF is not required to induce a compensa-
tory contractile response. The SF appears to be exquisitely
sensitive to even highly localized mechanical stress.Trans-sarcomeric communication allows
for a strain-sensitive shortening response
Sarcomeric shortening responses are often asymmetric, and
the amount of neighboring sarcomere shortening correlates
Actin Stress Fiber Dynamics 2091with the asymmetry of strain-site elongation. Asymmetric
sarcomere lengthening has been observed in striated muscle
fibers (32). One protein that associates with both Z- and
M-lines is titin, which has been shown to respond to
different magnitudes of stretch (43,44). Titin itself, as well
as other proteins associated with the Z-line, is thought to
engage in signaling events not only in cardiac muscle fibers
but also actin SF sarcomeres (43,45). Additionally, titin
filaments are hypothesized to become stiffer when over-
stretched and have been implicated as a cause of half-
sarcomere nonuniformity in striated muscle fibers (32).
Differences in titin stiffness or some other underlying
molecular heterogeneity, such as variable elasticity or actin
and myosin content (30–32), could explain the strain-
site asymmetry in actin SFs. Additionally, molecular
heterogeneity may occur across a single SF that is experi-
encing changes in mechanical properties, just as molecular
heterogeneity can occur between SFs experiencing changes
in mechanical properties in different locations in the
cell (46,47).CONCLUSIONS
Pioneering work has revealed the importance of the SF-
focal adhesion junction in mechanosensing and force-
dependent sarcomere addition to SFs (12,17). The data
presented here show that sarcomeres have the capacity to
sense mechanical changes and undergo sarcomere addition
at locations far distant from the ends of the SF, indicating
that mechanosensitivity is not limited to the ends of SFs
as previously hypothesized (48). Additionally, the actin SF
mechanoresponse can be highly localized to only a few
sarcomeres along the length of an intact SF, allowing for
rapid and efficient maintenance of the actin cytoskeleton.SUPPORTING MATERIAL
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